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Abstract
Background The Central Amazonian ﬂoodplain forests are subjected to extended periods of ﬂooding and
to ﬂooding amplitudes of 10 m or more. The predictability, the length of the ﬂood pulse, the
abrupt transition in the environmental conditions along topographic gradients on the banks
of major rivers in Central Amazonia, and the powerful water and sediment dynamics impose a
strong selective pressure on plant reproduction systems.
Scope In this review, we examine how the hydrological cycle inﬂuences the strategies of sexual and
asexual reproduction in herbaceous and woody plants. These are of fundamental importance
for the completion of the life cycle. Possible constraints to seed germination, seedling estab-
lishment and formation of seed banks are also covered. Likewise, we also discuss the impor-
tance of river connectivity for species propagation and persistence in ﬂoodplains.
Conclusions The propagation and establishment strategies employed by the highly diversiﬁed assortment
of different plant life forms result in contrasting successional stages and a zonation of plant
assemblages along the ﬂood-level gradient, whose species composition and successional
status are continuously changing not only temporally but also spatially along the river
channel.
Introduction
The Amazon basin covers two-ﬁfths of South America
and 5 % of the Earth’s land surface. This area of 6.8
million km
2 encloses the largest river system on the
planet, responsible for unloading, annually, about 20%
of all fresh water carried to the oceans (Goulding et al.,
2003). The level of water in the Amazon River channel
varies seasonally throughout the year in response to
the spatial and temporal distribution of rainfall in the
headwaters. The marked seasonal change in water
level of the rivers of the largest and most diverse of
tropical rainforests imposes a wide range of hydrological,
geomorphological and ecological processes (Junk et al.,
1989; Alsdorf et al., 2000). Every year, the River
Amazon and its tributaries, which together drain the
basin, overﬂow and ﬂood the adjacent forest, forming
extensive wetlands. These wetlands cover about 300
000 km
2 to create the largest ﬂooded area in the
world (Junk, 1993). Sites along the main river channel
are highly unstable, being subjected to strong disturb-
ance by sedimentation and erosion. Longstanding,
more stable conditions predominate on adjacent
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species shows a well-deﬁned zonation along the ﬂood-
level gradient (Salo et al., 1986; Puhakka et al., 1992;
Wittmann et al., 2002, 2004).
The ﬂood pulse exerts a strong inﬂuence on veg-
etation dynamics and composition, and on plant repro-
duction (Junk et al., 1989; Worbes et al., 1992;
Wittmann et al., 2002). The vegetation associated with
these water courses is subjected to an annual alterna-
tion between well-deﬁned terrestrial and aquatic
phases (Junk et al., 1989). The annual ﬂood may last
for more than 200 days and attain up to 10 m depth
(Junk et al., 1989; Junk, 1993). The frequency, duration
and intensity of ﬂooding determine which species germi-
nate, establish and reproduce along the ﬂood-level gra-
dient (Junk et al., 1989; Waldhoff et al., 1998; Wittmann
and Parolin, 1999; Parolin, 2000; Piedade et al., 2000).
The present review examines available information on
reproduction and propagation of species that colonize
the ﬂoodplains of Central Amazonia. It aims to highlight
how the regular and prolonged seasonal ﬂood pulse
inﬂuences the strategies of sexual and asexual repro-
duction that lead to the completion of plant life cycles
and population maintenance. It is postulated that
these strategies are set to minimize or even avoid the
probable risk of extinction due to the strong instability
of this type of environment. Possible constraints on ger-
mination, seedling establishment and formation of seed
banks are also addressed. Similarly, we also discuss the
importance of river connectivity for species propagation
and persistence on ﬂoodplain forests.
Environmental characteristics,
vegetation types and zonation in
ﬂoodplains of Central Amazonia
Va ´rzea and igapo ´ ﬂoodplains
The Amazon wetlands are constituted by a complex
network of lakes and ﬂoodplains that covers about 6 %
of the Amazon basin or an area of 300 000 km
2 (Junk,
1989). Although relatively small when compared with
the dimensions of the Amazon forest, these ﬂoodplains
cover a land area that is larger than the UK and about
three times the size of Portugal.
These wetland physiognomies are classiﬁed according
to the physicochemical properties and the quality of the
ﬂood water into two major types: the va ´rzea (4 %;
200 000 km
2) and the igapo ´ (2 %; 100 000 km
2).
Va ´rzea ﬂoodplains are periodically ﬂooded by white-
water rivers (Fig. 1A–C) with pH near neutrality. These
are fertile areas because the rivers associated with
them carry many suspended sediments, often
originating from the Andes and pre-Andean slopes. The
invading water deposits appreciable amounts of sedi-
ment on the river banks and on sand and mud ﬂats
near the river. This phenomenon promotes a cyclic
land renewal and is responsible for the high fertility of
va ´rzea soils (Sioli, 1951; Irion et al., 1983). At the same
time, this high rate of sedimentation, which can reach
300–1000 mm per year (Junk, 1989; Parolin, 2009),
results in an additional disturbance to some components
of the vegetation and strongly affects seedling establish-
ment. In contrast, igapo ´ wetlands are ﬂooded by black-
and-clear-water rivers that originate from the geologi-
cally old and eroded shields of Guiana and Central
Brazil. These rivers drain areas of sandy soils (Fig. 2A
and C); the water is acidic with a pH close to 4, poor in
inorganic nutrients and rich in diluted organic material,
particularly humic acids (Klinge and Ohly, 1964; Prance,
1978; Junk and Fu ¨rch, 1980; Furch, 1984; Junk, 1984).
The extent of ﬂooding depends on precipitation, dis-
charge and topography, and changes along the river
course (Junk et al., 1989). The amplitude of water-level
ﬂuctuations varies extensively among the rivers of the
Amazon basin and from year to year. Landforms are
dependent on river size and channel characteristics,
which in turn shape patterns of vegetation succession.
Forests are eroded during the high-water period and
replaced by successional vegetation, whereas deposi-
tional bars, which are exposed during the annual low-
water season, are immediately colonized by pioneer
species. In fact, va ´rzea and igapo ´ ﬂoodplains are com-
posed of a mosaic of plant assemblages whose species
composition and successional status are continuously
changing not only temporally but also spatially along
the river channel (Puhakka et al., 1992; Wittmann
et al., 2004).
Distribution of plant assemblages in white-water
(va ´rzea) ﬂoodplains
A zonation of plant communities is created along the
ﬂood-level gradient with a clear replacement of
species, which is dependent on the ﬂooding conditions
at each topographical position (Junk, 1989; Worbes
et al., 1992; Ferreira, 2000; Wittmann et al., 2002,
2006). This vegetation zonation along the ﬂood-level
gradient on va ´rzea ﬂoodplains is well characterized
(Worbes et al., 1992; Wittmann et al., 2002, 2004,
2006). Wittmann et al. (2002) classiﬁed the Central Ama-
zonian va ´rzea forests as low va ´rzea or high va ´rzea, with
few species that are found in both forest types. Low-
va ´rzea forests become established where the annual
water column has an average height of .3 m, which
corresponds to an inundation period of .50 days per
year. Flood height and ﬂood duration are the limiting
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border, which is generally located where the height of
the water column reaches between 7.5 and 8 m or 228
days of ﬂooding per year on average. Monospeciﬁc
stands of pioneer short-lived (10 years) woody peren-
nials like Alchornea castaneifolia (Euphorbiaceae) and
Salix martiana (Salicaceae) tolerant to ﬂood periods of
up to 270 days occur just below the closed-forest
Fig. 1 Features of the va ´rzea ﬂoodplain vegetation. (A) Va ´rzea lakes colonized by macrophytes; (B) ﬂoating grasses on the edge of the
ﬂooded forest; and (C) interior of the forest during the terrestrial phase (the arrow points to a mark left in the tree that indicates the
water level reached in the last ﬂood); (D) extensive seedling bank in the interior of a va ´rzea forest, about a month after water
retreat; (E) colonization by seed-germinated plants of Paspalum fasciculatum; (F) colonization by vegetative regrowth of
P. fasciculatum; (G) seeds of Pseudobombax munguba (circle) and other fruits (arrow) ﬂoating in water; (H) Clusiaceae seedling with
new recently produced leaves and old leaves (arrow) which have survived the last ﬂood (still covered with sediment); (I) seed germination
in water of an unidentiﬁed legume.
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along the ﬂood-level gradient by typical early secondary
tree species, such as the genus Cecropia which can reach
ages of 10–30 years. Subsequently, late secondary
species Crataeva benthamii (Capparaceae) and Pseudo-
bombax munguba (Bombacaceae) can be found, which
can be 20–100 years old. These are followed by well-
developed low-va ´rzea forests, where there are species
with ages up to 400 years, such as Piranhea trifoliata
(Euphorbiaceae). High-va ´rzea forests are found on
more stable sites, where the ﬂood period is generally
,50 days per year and the high-water level is ,3
m. Brosimum lactescens (Moraceae), Theobroma cacao
(Sterculiaceae) and Hura crepitans (Euphorbiaceae) are
typical species of the high-va ´rzea forests. Pseudobombax
munguba, Euterpe oleracea (Arecaceae) and Astro-
caryum chonta (Arecaceae) are important components
of both the low- and high-va ´rzea forests.
Fig. 2 Features of the igapo ´ ﬂoodplain vegetation. (A) Aerial view of the igapo ´ forest; (B) water-germinated seedling at the end of the
ﬂood period; (C) igapo ´ lakes showing the absence of colonization by macrophytes; (D) colonization of the igapo ´ shores by pioneer woody
perennials during the period of water retreat; (E and F) seedlings that germinated in the igapo ´ forest following the water retreat; (G)
seedling bank of Astrocaryum jauari which have survived the last ﬂood. The arrows in (B), (E) and (F) are pointing to seeds that
contain large cotyledonary reserves.
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nized by herbaceous vegetation. Herbs and perennial
grasses are typical of sites that are subjected to an
average annual ﬂooding of 8–9 months, whereas
annual herbaceous plants colonize terrains that remain
unﬂooded only for a few weeks each year. Sand shores
below that level remain unﬂooded for only a few
weeks every 2 or 3 years and are immediately colonized
by terrestrial and semi-aquatic herbs from the sediment
seed bank or deposited by the receding waters. Perma-
nently ﬂooded soils are predominantly colonized by
macrophytes. Macrophytes, algae and periphyton are
the dominant plant forms that grow during the aquatic
phase of the annual cycle (Klinge et al., 1995; Piedade
et al., 2001).
Distribution of plant assemblages in black-water
(igapo ´) ﬂoodplains
The acidic pH and low nutrient levels restrict the pres-
ence of herbaceous vegetation in igapo ´ ﬂoodplains
(Fig. 2C and D). Furthermore, herbaceous plants would
also be subjected to water deﬁciency during the terres-
trial phase because of the high hydraulic conductivity
and the low water-holding capacity of sandy soils
(Junk and Piedade, 1997; Piedade et al., 2001). When
clay prevails, herbaceous vegetation is denser but
much smaller and less diversiﬁed than in the va ´rzea
(Junk and Piedade, 1997). Although a detailed classiﬁ-
cation of igapo ´ vegetation types is still lacking, the few
existing studies indicate that ﬂoristic composition and
vegetation structure change along the ﬂood-level gradi-
ent (Worbes, 1997; Ferreira, 1998, 2000; Ferreira and
Prance, 1998; Piedade et al., 2005). A few generalist
species such as Malouetia furfuracea (Apocynaceae)
can occur along the entire ﬂood gradient.
Species richness
Despite these extreme environmental conditions, which
restrict the establishment of the majority of plant
species, more than 900 tree species have been recorded
in va ´rzea forests (Ferreira and Prance, 1998; Wittmann
et al., 2002, 2006). In fact, the Amazonian va ´rzea
forests are considered the most species-rich ﬂoodplain
forests in the world (Wittmann et al., 2006). Although
less well studied, the species richness of igapo ´ forests
is comparable to va ´rzea forests. Species richness in
va ´rzea forests ranges from 20 to 150 tree species ha
21
(Campbell et al., 1992; Haugaasen and Peres, 2006)
and from 30 to 137 tree species ha
21 (Ferreira, 1997; Fer-
reira et al., 2005) in igapo ´ forests, with very low overlap
in species composition between these two vegetation
types. The large variability in species number is strongly
linked to the ﬂood-level gradient. The number of species
is restricted in sites along the main river channel, which
are highly unstable and exposed to prolonged periods of
ﬂooding. The much lower duration of the inundation
period in adjacent terraces and uplands allows the
establishment of many species of the surrounding terra
ﬁrme forests. In these sites, the number of tree species
is comparable to that in adjacent non-ﬂooded terra
ﬁrme forests, where the number of tree species typically
ranges from 94 to 322 in 1-ha plots (Boom, 1986; Camp-
bell et al., 1986; Lima Filho et al., 2001; Haugaasen and
Peres, 2006).
Much less attention has been given to the ﬂoristic vari-
ation of the herbaceous vegetation. The few detailed
studies suggest that the diversity of species is not as
high in comparison to the woody vegetation (Kalliola
et al., 1991; Junk and Piedade, 1993a,b). In the ﬂood-
plain of Solimo ˜es/Amazon River near Manaus, a total of
388 herbaceous species belonging to 182 genera were
collected and identiﬁed (Junk and Piedade, 1993a,b).
The pioneer ﬂora includes many widespread perennial
herbs in va ´rzea ﬂoodplains, whereas few herbaceous
colonist species are found in black-water rivers (Kalliola
et al., 1991; Junk and Piedade, 1997).
The role of the ﬂood pulse and river connectivity
for plant propagation
One of the attributes of the ﬂood pulse is to homogenize
the limnological, physical and chemical characteristics of
contiguous water bodies by increasing hydrological con-
nectivity (Thomaz et al., 2007), here deﬁned as the
water-mediated transport of matter, energy and organ-
isms within or between the components of the hydrolo-
gical cycle (Pringle, 2003).
In the case of aquatic herbaceous vegetation, the
ﬂood pulse changes the availability of habitats and nutri-
ents throughout the year, inﬂuencing the spatial distri-
bution and the percentage of surface covered by their
populations (Junk and Piedade, 1997). Floods that
promote connectivity between river channels and other
inland water bodies (Fig. 3A, B and E) favour the expan-
sion of the coverage area of ﬂoating herbaceous veg-
etation, which is transported during the periods of
rising and falling water, strongly inﬂuencing the input
and output of energy, carbon and nutrients along the
ﬂooding gradient. In the high-water period, large
numbers of aquatic herbs (emergent, rooted with ﬂoat-
ing leaves, free-submerged and free-ﬂoating) can be
found colonizing the still waters of temporary and per-
manent lakes (Fig. 1A and B). They can cover more
than 70% of the open areas in va ´rzea lakes (Bayley,
1989). In such environments, these species play an
essential role in nutrient cycling and produce large
amounts of organic matter (Piedade and Junk, 2000;
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primary productivity ranged from 2400 to 3500 g m
22
per year, depending on the duration of ﬂooding (Silva
et al., 2009). Higher values up to 10 000 g m
22 per
year may be produced by some grasses like Echinochloa
polystachya (Piedade et al., 1991). As the water recedes,
the produced biomass dries and collapses. As a result,
large amounts of dead biomass accumulate in the
exposed sediments and their decomposition contributes
to an increase in the nutritional status of the ﬂoodplains,
and of the va ´rzea forest (Piedade et al., 1997).
In contrast,the ﬂood pulse imposes a strong restriction
on the establishment of terrestrial plants, which are ﬁxed
to the substrate. However, the rise and fall of water is an
important factor for seed dispersal of species that estab-
lishedintheﬂoodplainsandwhichadjusttheirphenology
to the ﬂood pulse (Kubitzki and Ziburski, 1994; Junk and
Piedade, 1997; Haugaasen and Peres, 2005; Piedade
et al., 2005). In addition, the bidirectionality of the
water ﬂow allows seeds to ﬂow inland as the rivers over-
ﬂowtheirbanksbutalsotoﬂowoutwardswhen,later,the
water retreats (Fig. 3A–C).
The ﬂood pulse and its inﬂuence on
colonization strategies
The periodic change between a terrestrial and an aquatic
water phase is the most important factor affecting plant
ﬁtness in Amazonian wetlands. Usually, one or other of
these phases is especially unfavourable or even critical
for population maintenance. To sustain viable popu-
lations, it is essential that during the favourable phase
Fig. 3 Ecological dynamics in the va ´rzea ﬂoodplain. (A and D) Terrestrial phase, when the lakes show little or no connection with the
main river channel; (B and E) aquatic phase, when the river overﬂows and the water invades the adjacent ﬂoodplain carrying large
amounts of sediment, macrophytes, seedlings, seeds and ﬁsh; (C) water retreat, when sedimentation and (F) erosion of river banks
are evident.
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losses suffered during the unfavourable period (Junk and
Piedade, 1997). The ‘ﬂood pulse’, as termed by Junk et al.
(1989),isanannualandpredictableevent,whichcanlead
to changes in both biotic and biogeochemical processes
in the ﬂoodplain (Junk, 1993; Neil et al., 2006), and it
also reﬂects directly or indirectly in the successional pro-
cesses, which are linked to the substantial environmental
changes that occur during the hydrological cycle (Junk,
1989;Worbesetal.,1992;FerreiraandPrance,1998;Witt-
mannet al.,2002;Lewiset al.,2006). Becauseit isadomi-
nant driving force in the dynamics of vegetation in
wetlands,itisexpectedthatitisalsoreﬂectedinthestrat-
egies of reproduction and establishment. As small differ-
ences in the magnitude of ﬂooding can be extremely
important, it is also possible that more than one strategy
ormultiple reproductive strategies are essential for main-
tenance of viable plant populations. Studies to shed light
on the predominance of one strategy or of multiple strat-
egies in a range of species of different life forms are
needed (Fig. 1E, F and I).
Different reproduction and establishment strategies
lead to contrasting successional stages (Fig. 4), at least
in va ´rzea ﬂoodplains. Here, a clear zonation of plant
communities is found along the ﬂood-level gradient, as
described earlier. Herbaceous plants, especially aquatic
grasses, colonize the early successional stages in
va ´rzea ﬂoodplains, followed by pioneer woody peren-
nials. In spite of the production of seeds, asexual repro-
duction systems are of particular relevance for both the
herbaceous perennials and most pioneer woody peren-
nials. The dominant herbaceous species are commonly
E. polystachya and Paspalum fasciculatum (Poaceae),
which spread predominantly by vegetative regrowth
through the upper soil layers. These new culms also
serve as mechanical shields not only accelerating the
processes of sedimentation but also helping to stabilize
the substrate by the retention of soil particles during
the period of receding waters, preventing erosion and
promoting the early stages of succession in va ´rzea ﬂood-
plains (Fig. 3C and D; Piedade et al., 2005). For this
reason, E. polystachya and P. fasciculatum are important
structural components of these environments, preceding
the pioneer woody perennials such as S. martiana (Sali-
caceae) and A. castaneifolia (Euphorbiaceae) (Worbes
et al., 1992). Seed reproduction is predominant among
Fig. 4 Plant succession and propagation strategies in va ´rzea ﬂoodplains. In terms of reproductive strategies, from the open waters
towards the uppermost parts of the topographic gradient, there is an increase in sexual reproduction (represented by the colour intensity
of the arrow) and dependence on dispersion mechanisms associated with long-lasting propagules such as dormant seeds. (a) Vegetative
propagation in Paspalum repens; (b) P. repens with inﬂorescences; (c) P. munguba with fruits. Adapted from Junk (1997).
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ﬂoodplains.
Annual herbaceous vegetation covers the lower por-
tions of the ﬂoodplains during the low-water period,
especially in the fertile va ´rzeas. They propagated from
seeds, whose longevity within the wet and anoxic sedi-
ments is unknown (Piedade and Junk, 2000). The avail-
able time to germinate and complete the life cycle can
be only 1 month, the maximum period without water
covering the substrate on which they have established.
However, less intense ﬂoods may leave the substrate
submerged for periods of several years, which would
favour seeds that can survive for long periods and with
prolonged dormancy. Moreover, the depth at which the
seed is buried or covered by sediment deposition can
be of great importance, because most species cannot
grow or establish during the ﬂooding period, and
erosion and sedimentation are highly dynamic,
especially in wetlands along the larger rivers
(Fig. 3A–F). While at greater soil depths the seed is
protected from daily ﬂuctuations in temperature, this
strategy also brings a reduction in germination rate
(Grime et al., 1981). Such harsh environmental features
would require these types of diaspore to develop special-
ized adaptations for ﬂood tolerance and desiccation, in
addition to dispersal mechanisms to aquatic environ-
ments (Fig. 1G). On the other hand, few arboreal
species form permanent seed banks. The large majority
germinate rapidly following the water retreat, when
environmental conditions are more favourable to seed-
ling establishment (Parolin et al., 2002; Ferreira et al.,
2007; Oliveira-Wittmann et al., 2010).
Reproductive strategies of herbaceous species
Most studies with herbaceous plants have been per-
formed in va ´rzea ﬂoodplains, where large numbers of
species and life forms are able to adjust their life
cycles to the annual dynamics of the ﬂood pulse
(Piedade et al., 2001). Because of their relatively short
life cycle and rapid growth, these light- and nutrient-
demanding plants quickly colonize a wide range of habi-
tats in the ﬂoodplain. Many species are distributed in the
deeper parts of the aquatic–terrestrial transitional zone
(ATTZ; Junk et al., 1989), thus forming a contact interface
between the limnetic zone and the ﬂoodplain (Esteves,
1998). The ATTZ appears as a band of rather ephemeral
substrate, which only becomes accessible when the
water level is very low, thus restricting the period that
these species have available to germinate and complete
their life cycle. On the other hand, due to their small size,
seeds of herbaceous species are transported in large
quantities by the rivers (Fig. 3B) and can rapidly colonize
recently exposed sediment banks (Junk and Piedade,
1997).
Seed production ensures genetic variability, as well as
the colonization of new environments, whereas vegeta-
tive propagation helps to increase local densities of the
species or restore populations wiped out by catastrophic
events. Many species combine sexual reproduction with
additional mechanisms of vegetative propagation to
ensure reproductive success (Fig. 4). Thus, herbaceous
plants of the Amazonian ﬂoodplains have developed
multiple adaptations and strategies for propagation,
establishment and growth (Fig. 1A, E and F). In this
way, they maximize the likelihood of maintaining
viable populations in dynamic environments subject to
natural and anthropogenic disturbances. Most plants
growing during the terrestrial phase produce a large
number of diaspores (Junk and Piedade, 1994). In
addition to sexual reproduction, free-ﬂoating macro-
phytes such as Salvinia spp. (Salviniaceae), Azolla spp.
(Azollaceae), Ricciocarpus natans (Ricciaceae) and
Najas spp. (Najadaceae) are able to reproduce via
fragments of the parent plant while Limnobium stoloni-
ferum (Hydrocharitaceae) reproduces by vegetative
propagation. In Pistia stratiotes (Araceae), there are
two peaks of sexual reproduction (Junk and Howard-
Williams, 1984) in addition to vegetative propagation
by runners. Ceratopteris pteridoides (Parkeriaceae) pro-
duces frond buds. Perennial grasses regenerate by
sprouting new culms at the nodes.
Mechanisms that delay germination to favourable
periods are probably present, although experimental evi-
dence is lacking. Even semi-aquatic species such as
E. polystachya, whose life cycle is associated with the
aquatic phase of the hydrological cycle and has vegeta-
tive propagation as the preponderant mechanism of
reproduction (Piedade et al., 1991), produce seeds in
abundance. This is also the case for P. fasciculatum
(Figs 3A and B, and 4). This species grows mainly
during the terrestrial phase and the buds remain
dormant when submerged, but is able to produce
seeds in abundance in the high-water period (Conserva
and Piedade, 2001). Other forms of propagation such
as pseudo-viviparity and viviparity are possibly present
but this needs conﬁrming.
Most aquatic herbaceous plants have short life cycles
andoccupythelowermostpartsofthetopographicgradi-
ent, which are exposed for a short time during the low-
water period. This group of species is strongly dependent
on seed banks in sediments (Junk, 2005). The few studies
of the Amazon ﬂoodplains indicate that transient and
persistent seed banks can be very large. Junk and
Piedade (1997) reported up to 10 000 seedlings m
22 on
exposed sediments of Lake Camalea ˜o near Manaus. In a
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tion and seed bank size on exposed sediments of a
recently formed (15 years old) va ´rzea island on the Soli-
mo ˜es River in Central Amazonia. The seed bank com-
prised viable seeds of 31 herbaceous species belonging
to seven families (Cyperaceae, Poaceae, Onagraceae,
Scrophulariaceae,Pteridaceae,LoganiaceaeandSpheno-
cleaceae).Thehighestnumberofseedlingswasofsedges
and grasses. The author concluded that there was good
evidence for the presence of persistent seed banks
(sensu Thompson and Grime, 1979). Many of the seeds
that remain in the seed bank for long periods probably
possess seed dormancy mechanisms. This seems to be
aprerequisiteinviewoftheneedtosynchronizegermina-
tion with a particular low water level and the subsequent
short time period (1 month) available for growth, repro-
duction and end of life. Although seed dormancyof many
herbaceous species is physiological, in some sedges their
delayed germination and persistence in the soil are
related to their thick and impermeable seed coat (Leck
and Schu ¨tz, 2005).
The diaspores are dispersed by water (hydrochory),
sometimes associated with transport by air (anemo-
chory) or by ﬁshes (ichthyochory) (Gottsberger, 1978;
Pires and Prance, 1985; Ziburski, 1991; Kubitzki and
Ziburski, 1994; Piedade et al., 2005; Maia et al., 2007;
Lucas, 2008; Oliveira-Wittmann et al., 2010). Most are
small enough to be carried by the current without
special organs for ﬂoatation (Junk and Piedade, 1997).
Furthermore, drifting ﬂoating plants also carry seeds.
Reproductive strategies of trees
Beyond the herbaceous zone close to the river channel,
woody vegetation is able to establish (Figs 3D and 4).
Although sexual reproduction is the dominant reproduc-
tive strategy, this does not apply to species such as
S. martiana that colonize the lower topographic positions
typiﬁed by long periods of ﬂooding and high sedimen-
tation. They also depend on vegetative propagation (Oli-
veira, 1998), thereby offsetting the risk of reproduction
by their seeds in the unstable environment (Fig. 4).
Lateral branches of fallen trees of S. martiana can form
a new independent root system, whereas the lower
branches of Eugenia inundata (Myrtaceae) often
become rooted (Worbes, 1997).
Despite the importance of asexual reproduction,
S. martiana also exhibits continuous seed production.
This will also contribute to colonization success and
can be considered as an adaptation to a constantly
changing environment (Parolin et al., 2002), where
reliance on only one strategy could lead to failure. The
establishment of S. martiana in the early successional
stages is effective in reducing current and wave action.
This favours the establishment of species such as Cecro-
pia spp. and P. munguba, which are able to colonize the
more stable environment and reproduce successfully
only by seeds. Many species shows vigorous resprouting
after damage, e.g. Cecropia latiloba (Cecropiaceae), Pir-
anhea trifoliolata (Euphorbiaceae), Tabebuia barbata
(Bignoniaceae) and Triplaris surinamensis (Polygona-
ceae) (Worbes, 1997).
Seed dispersal represents a critical stage in plant
reproduction. Its effectiveness can determine the
extent of colonization of unoccupied patches, range
expansion and the connection of plant populations and
the maintenance of gene ﬂow in fragmented land-
scapes. The dispersal process is mediated by both
abiotic and biotic vectors, which can vary greatly in
effectiveness depending on the type of environment
and the range of vectors available. Water is the principal
seed dispersal vector (Fig. 1G) in Central Amazonian
ﬂoodplains (Kubitzki and Ziburski, 1994; Piedade et al.,
2005; Wittmann et al., 2007). The diaspores of most
tree species of these seasonally ﬂooded forests are
capable of ﬂoating for prolonged periods or remain sub-
merged over periods of weeks without losing viability
(Kubitzki and Ziburski, 1994; Parolin and Junk, 2002).
Because species differ in their buoyancy and mechan-
isms of dispersal (e.g. hairs, air pockets, ﬁbrous arils),
they probably also differ in their ability to be dispersed
by water. Some species possess multiple mechanisms
for dispersal, such as ﬂeshy pulp and buoyancy, or explo-
sive capsules and buoyancy (Kubitzki and Ziburski, 1994;
Waldhoff et al., 1996). The efﬁciency of seed dispersal by
water can be greatly improved by fruit-eating ﬁshes, par-
ticularly for species whose seeds are non-buoyant. Frugi-
vorous ﬁshes are highly mobile, with long seed retention
times, and many are migratory, leading to long-distance
seed dispersal (Piedade et al., 2003, 2005; Correa et al.,
2007; Anderson et al., 2009). Many frugivorous ﬁshes
consume ﬂeshy fruits, normally without destroying the
seeds during ingestion or digestion. Even among fruit
crushers, such as the tambaqui (Colossoma macropo-
mum), some seeds can pass through the gut intact
(Goulding, 1980,1983). The proportion of intact seeds
increases with body size (Kubitzki and Ziburski, 1994;
Anderson et al., 2009). For fruits with small seeds, the
pericarp may be well masticated, whereas the seeds
within are swallowed whole (Goulding, 1980; Kubitzki
and Ziburski, 1994; Correa et al., 2007). A few species
with heavy fruits are dependent on ichthyochory for
seed dispersal, e.g. C. benthamii and Crescentia
amazonica (Bignoniaceae) (Kubitzki and Ziburski, 1994)
and the palm tree Astrocaryum jauari (Piedade et al.,
2003).
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other vectors, such as birds, monkeys and bats, and sec-
ondary dispersers such as rodents (Haugaasen and
Peres, 2007). Wind dispersal can be combined with
water dispersal in some species. The widespread and
dominant P. munguba produces anemochoric, light-
weight seeds with a hairy (Fig. 1G) wad that keeps
them aﬂoat on the water surface for periods of
minutes to several days (Kubitzki and Ziburski, 1994).
Given this strong dependency on water for seed dis-
persal, it is expected that the fruiting phenology in
Amazon ﬂooded forests should be synchronized with
the annual ﬂood cycle. Indeed, the fruiting peak of
many igapo ´ and va ´rzea tree species occurs during the
inundation period (Kubitzki and Ziburski, 1994; Parolin
et al., 2002; Haugaasen and Peres, 2005). However, indi-
vidual species differ in the timing and duration of the
fruiting peak within the high-water season, which
seems to be related to the germination biology of each
particular species (Kubitzki and Ziburski, 1994).
The activation of physiological processes involved in
seed germination requires an adequate supply of
oxygen. Flooding restricts its availability to the embryo,
preventing germination or imposing dormancy on the
seeds of many species (Hook, 1984; Kozlowski, 1997;
Kozlowski and Pallardy, 1997). However, in the Central
Amazon,seedsofsometreespecies are able togerminate
and form seedlings in water (Fig. 2B), as in Himatanthus
sucuuba (Ferreira et al.,2 0 0 7 ), S. martiana and
P. munguba (Wittmann et al.,2 0 0 7 ). This strategy favours
rapid seedling establishment when the terrestrial period
commences and deposits seedlings onwetbanks(Ferreira
et al.,2 0 0 9 ). This is particularly important for species that
inhabit the Amazon ﬂoodplains, as these have a relatively
short time (about 3 months before the next ﬂood) to ger-
minate and establish (Figs 1I and 2E and F). Nevertheless,
diaspores of many species that escape predation do not
germinate in water and are ultimately deposited at the
bottom of the inundated forests. Most seeds remain
viable even after months of submergence and germinate
readily following water retreat (Kubitzki and Ziburski,
1994;Piedadeetal.,20 03 ,2005).Onecanthereforepostu-
late a continuum of germination strategies that would
have, at one end, species with buoyant seeds. They germi-
naterapidlyassoonastheycontactriverwater,whichmay
enable the ﬂoating seedlings to establish as soon as they
land on non-ﬂooded substrates. At the other end of the
continuum lie species with submerged seeds that
undergo longer dormancy and germinate only when
ﬂood waters recede. However, all strategies beneﬁt from
long-distance dispersal by hydrographic corridors.
It is not known whether, along the ﬂood-level gradient,
thedifferentspeciesdifferinthetypeofseedcarbohydrate
reserves. The type of reserves in the endosperm can be
related to establishment success and onset of the auto-
trophic developmental stage which guarantees initial
seedling survival (Buckeridge et al.,2 0 0 4 ). Biochemical
analysis of seeds and seedlings of H. sucuuba, a tree that
colonizes both va ´rzea ﬂoodplains and terra ﬁrme forests,
showed signiﬁcant differences in the proportion and
types of accumulated carbohydrates in seeds of the two
populations. Although, in va ´rzea-originated seeds, the
cell wall storage polysaccharides make up 90% of the
seed reserves on a percentage dry mass basis, in seeds
of terra ﬁrme plants, the contribution of soluble sugars is
30%. This suggests that distinct ecological functions
are played by different carbohydrate reserves in this
species during seed imbibition and seedling development.
Va ´rzea populations store a larger proportion of complex
carbohydratesto use aftergerminationfor seedlingdevel-
opment,whereasinterraﬁrmepopulations,seedsallocate
comparatively more readily respirable carbohydrates to
support prompt germination (Ferreira et al.,2 0 0 9 ).
In contrast to herbaceous plants, it seems that trees
colonizing Amazonian ﬂoodplains do not form persistent
seed banks. Cecropia is apparently the only colonizing
tree that forms persistent seed banks in exposed ﬂood-
plain sediments; its seeds remaining viable for about
3–5 years (Kubitzki and Ziburski, 1994). On the other
hand, ﬁeld observations suggest that igapo ´ and va ´rzea
trees form extensive seedling banks (Figs 1D and H,
and 2G), which could ensure long-term regeneration of
existing tree stands.
The absence of permanent tree seed banks may preju-
dice the regeneration potential of disturbed sites, which
would be more prone to year-to-year variation in fruit
production. This can be aggravated by overexploitation
of focal ﬁsh species and ﬁshing practices that selectively
harvest large individuals, skewing ﬁsh populations
towards smaller size classes, which are mostly seed pre-
dators (Correa et al., 2007; Anderson et al., 2009).
Conclusions and forward look
Predictability and long-term duration of the ﬂood pulse
associated with an abrupt transition in the environ-
mental conditions along the topographic gradient on
the banks of major rivers in Central Amazonia, impose
a strong selective pressure on plant populations and
reproductive systems. Although the pattern of oscillation
of the water level curve has a sinoidal shape, between-
year variation may be of great importance in species
composition (Piedade and Junk, 2000). As noted by
Baldwin et al. (2001), in freshwater areas of estuarine
regions, even small increases in the frequency and dur-
ation of ﬂooding may reduce species diversity.
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exposed to heavy hydric and sediment dynamics, which
determine the strategies of colonization and recoloniza-
tion. For species that colonize the ATTZ, especially in
lakes (Fig. 3A–F), seed dormancy and the successful
establishment of seed banks seem to be of fundamental
importance. In this environment, at the deeper vege-
tated part of the ﬂooding gradient, seeds may remain
in the dormant state for many years, despite varying
amplitudes of water level and sediment load. When
eventually the ground is ephemerally exposed, dor-
mancy may break and germination takes place. Sedges
(Cyperaceae) are particularly adapted to this type of
habitat. Their short life cycles and between-year vari-
ation in dormancy may allow a better survival and
specialization to an environment that is both harsh
and unpredictable (Brown and Venable, 1986).
The shores along the river channels are subjected to
strong disturbance due to sedimentation and erosion,
which are enlarged by waves and wind. In such parts
of the ﬂoodplains, the geomorphology is very dynamic
and conditions are rough. Despite the highly destructive
nature of the ﬂooding events, they also favour pioneer
species by removing competing plants and releasing
space and resources on the ﬂoodplain, providing ideal
open areas for regeneration (Barsoum, 2002). The
va ´rzea shores are colonized by pioneer woody perennials
and herbaceous vegetation, whereas woody perennials
predominate in the igapo ´ ﬂoodplains (Figs 1B and 2D).
In spite of the production of seeds, asexual reproduction
systems are of particular relevance for both life forms,
because they maximize the chances for quick and efﬁ-
cient establishment close to the river channels.
The higher parts of the plains, where more stable con-
ditions predominate, are occupied by arboreal veg-
etation. Small-seeded trees inhabit intermediate
ﬂooding positions. Their seedlings tolerate the inunda-
tion in a dormant stage, since the water column is too
high and growth in one single season not fast enough
to avoid submersion. Large-seeded trees predominate
at the higher positions of the ﬂood gradient. They are
inundated for shorter periods and have seedlings that
grow fast in a strategy of escape from submersion
(Parolin, 2002). When the water table reaches the seed-
lings, several of them already have a height that allows
the leaves to remain above the water and remain photo-
synthetically active.
Flooding plays an important role in plant dispersal.
Water is the main medium carrying the propagules of
most herbaceous and woody plants of the ﬂooded
forests. The efﬁciency of seed dispersal by water can
be greatly improved by fruit-eating ﬁshes, particularly
for non-buoyant seeds. Because water levels may
increase up to 10 m, several isolated water bodies
might coalesce, becoming connected during the ﬂood
period. Under such circumstances, seeds and other
types of dispersal structures, such as fragments and
culms of herbaceous plants, may be transported to
places well distant from their site of origin. Thus, the
connectivity, besides uniformizing to some extent the
physical and chemical properties of the water bodies,
is also a vehicle for uniformization of the wetland veg-
etation. Although the losses of seeds and other propa-
gules may be large, given the stochastic nature of the
ﬂood disturbances, the semi-open nature of the
systems ensures the expansion of distribution areas
and the recolonization of disturbed sites.
The extreme seasonality in availability and scarcity of
water, superimposed by the pluriannual cycles of ﬂood-
ing and extreme drought, make the Amazon ﬂoodplains
unique environments in which to study effects of stress
and disturbance on the vegetation and on plant adap-
tation. The critical importance of establishment and
reproduction for completion of plant life cycles, the
large diversity of trees and aquatic herbaceous plants,
and the preliminary nature of existing studies make
further research imperative. Future work can be
expected to reveal the existence of novel adaptations
that may help us to understand, preserve or recolonize
these complex, fragile and important environments.
Further studies on the following topics are currently
needed: (i) identiﬁcation of the dormancy mechanisms
that ensure the viability of persistent seed banks and
seed viability even after months of submergence; (ii) a
comprehensive evaluation of the mechanisms that
confer on many terrestrial species the ability to endure
prolonged submergence and drought along with their
role in the formation of persistent seedling banks; (iii)
ecophysiology of reproduction, dispersal and establish-
ment of aquatic herbaceous plants of different life
forms; and (iv) comparative studies of the efﬁcacy of
sexual versus vegetative propagation for aquatic herb-
aceous plants and pioneer trees that rely on both
mechanisms.
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